Granulosa cells (GCs) are a major component found in ovarian follicular fluid among oocytes, theca cells, and ovarian surface epithelial (OSE) cells. GCs are steroidogenic and have morphological functions that are important for the development of the follicular follicle. The follicle protects the developing female egg. GCs are also essential for the maturation of the female germ cell. Stem cell properties have been found in luteinised GCs and in vivo cultures have the potential to differentiate to become cells found outside of the ovary. Both three-dimensional (3D) culturing and mouse embryonic fibroblast (MEF) medium have been used to help improve the culturing lifespan of GCs so that their profound proliferation and differentiation capabilities can be studied. Small RNAs called MicroRNAs (miRNAs) are released from exosomes originating from GCs, and they are involved in transforming growth factor (TGF)-β signalling, follicle-stimulating hormone, hormone-related miRNAs, and apoptosis-related pathway. Finding the miRNAs involved in these pathways, and the mechanisms controlling GCs are important to treating conditions like polycystic ovary syndrome (PCOS), and creating new drug therapies. Besides GCs, ovarian stem cells (OSCs) were discovered in the OSE, and they are believed to be derived from very small embryonic stem cells (VSELs). Transplanting blood mononuclear cells, cell Hormone Therapy (cHT) with bone marrow stem cell supplement and increasing vitamin C levels are all therapies currently being researched into that involve GCs to combat the effects of aging and infertility.
Introduction
Granulosa cells (GCs), otherwise known as ovarian follicular cells, are the largest component of follicular fluid [1] . Alongside GCs are theca cells, ovarian surface epithelial (OSE) cells, and oocytes. Together, the Graafian follicle will form to protect the oocyte (folliculogenesis) and germ cells also mature into an egg (oogenesis) [2, 3] . Granulosa cells have small cell-secreted vesicles called exosomes which are essential in mediating communication between cells, and they share this role with gap junctions [4] . Exosomes secrete small-non coding RNAs, known as MicroRNA (miRNAs) [5] . These miRNAs have recently been found to be highly involved in the transforming growth factor (TGF)-β signalling pathway. This pathway is necessary for folliculogenesis and oogenesis, and therefore manipulating exosomes secreted by granulosa cells may provide information on how both processes work. Additionally, since the work of Kossowska-Tomaszcuk and colleagues, diverse stem cells derived from GCs have been cultured that can differentiate into tissues not found in the ovaries and thus demonstrate their stemness [6] . Ovaries have heterogeneity stem cells, meaning they have a pluripotent stem cell population that is in a state of inactivity (quiescent) and mesenchymal cells that are active [7] [8] [9] . These two stem cell populations are found in the OSE [10] . The pluripotent stem cells are called very-small embryonic stem cells (VSELs) and are the progenitors of the mesenchymal stem cell population [11, 12] . VSELs are thought to migrate to different organ tissues [13] . These pluripotent stem cells will self-renew until cells in damaged tissue need to be replaced [10] . The mesenchymal stem cell population in the OSE are called ovarian stem cells (OSCs). OSCs are larger in size and committed to differentiating into primordial follicles [10, 14] . Research groups are going into individual avenues on how GCs, VSELs and OSCs could potentially be used in clinical applications. One of the main interests in using stem cells found in the ovaries is for restoring female fertility, but regeneration of tissues like the heart are also being researched and stem cells may also be used as a model for greater understanding of cell differentiation and epigenetics [15, 16] .
It is important to understand cells in the follicular fluid, including the GCs, and their roles concerning their involvement in the development of the oocyte. Therefore, the characteristics of GCs, and methods of culturing them to differentiate into cardiac cells and other cell types are important considerations as well as the characteristics of the exosomes secreted by GCs. Furthermore, the mechanisms that protect the oocyte and other cells from oxidative stress are important considerations. The potential ovarian stem cell label, and the effects of oocyte aging are important issues worthy of further consideration.
Characteristics of Granulosa Cells
GCs have many functions in their lifetime such as ovarian follicular development; secretion of sex hormones and synthesising growth factors to induce oocyte growth [17] . Nutrients are also provided by GCs to developing oocytes via gap junctions [18] . The processes folliculogenesis and oogenesis occur in parallel so that the matured ovum will be protected by the matured Graafian follicle [2] . When the primordial follicles are made in fetal life, and composed of a stagnant oocyte layered by flat GCs, these processes begin [19] . For the Graafian follicle to form, a dominant follicle must be made from primordial follicular cells and then differentiate into the corpus luteum at ovulation [20, 21] . Follicles are located inside the ovary cortex, below the OSE [22, 23] . Gonadotropins and growth factors stimulate GCs to change their gene expression and morphology [16, 17] , so flat-shaped GCs will become cuboidal, and express the Follicle Stimulating Hormone Receptor (FSHR) [2] .
For large-scale production of progesterone, structural and functional changes also occur as GCs, stimulated by luteinising hormone (LH) or human chorionic gonadotropin (hCG), differentiate to be luteinising GCs [20] . However, it has been suggested that there are inhibitory factors for GC differentiation in follicular fluid, as neither LH or hCG is required for the cells to change their structure when removed from follicular fluid [20] .
There are two specialised cell types of GCs, with distinct functions, called mural GCs and cumulus cells [18, [24] [25] [26] . During folliculogenesis, from the transition of the preantral and antral follicle stage, mural GCs and cumulus cells are made from a common progenitor. One type is responsible for the production of oestrogen during the follicular phase, and progesterone after ovulation, the mural GCs. This is the cell type sheaths the theca cell layer. Cumulus cells tightly surrounds the oocyte and make the cumulus oophorus and corona radiata inner cell layers. The innermost cell layer is the periantral layer, and the outermost layer is called the membrana granulosa [18] . These four layers have their own specialised functions. The GC cell types work together to fulfil oocyte growth, maintain oocyte quality and conduct steroidogenesis.
Culturing Granulosa Cells
GCs appear to have stem-like qualities given their adept proliferation in vitro [27] . Even though GCs do not do this in a follicular environment, GCs differentiate in long-term cultures [1, 2] . To harness the full potential of GCs and their stem-like abilities, methods of extending its in vitro lifespan and controlling their gene expression must be revealed. Marker genes for the functions of cell differentiation, cell proliferation, and cell-cell junction organisation have also been found using RT-qPCR and these genes can be used to manipulate GCs to a higher degree [26] . GC differentiation can be induced using pluripotent stem cell markers [6, 15, 27] . The first to demonstrate that GCs have pluripotency and subsequently to differentiate the cells into lineages outside of the ovary was Kossowska-Tomaszczuk and his colleagues [16, 27] . Luteinized GCs were collected from infertile women who were involved in a fertility program and treated with hormone therapies [6] . Elongated culture life-spans were accomplished by using leukaemia inhibitory factor (LIF) to maintain the cells in an undifferentiated state, and after long culture periods, the investigators demonstrated that luteinised GCs can become three germ cell types: neurons, chondrocytes, and osteoblasts once placed in the inductive cell type-specific environments. Bruckova improved the long-term lifespan of luteinised GCs by adding follicular fluid, and the cultures survived 45 days [28] . The DNA methylation inhibitor 5-azacytidine (5-aza-CR) and treatment of VEGF (vascular endothelial growth factor) was able to drive GCs to differentiate into muscle cells [15, 29] . The investigators also found that the differentiation of the GCs was reversed when 5-aza-CR was removed, which assures the safety of the procedure. Furthermore, their results gave indication of epigenetics during cell conversion as chromatin decondensation occurred while the pluripotency markers were upregulated and led to loss of the GC morphology. It has also been observed that GCs can differentiate into chondrocytes [26] . Through increasing the period of luteinising GCs culture by using LIF, and using a matrix that included collagen type I, cultures retained the FSH receptor and formed into follicle-like structures [21] . Culturing GCs in a three-dimensional (3D) culture has been effective in increasing the life-span and quality of the cells in vitro and has benefitted scientists understanding of the cell type [30] . The expression of 39 genes related to heart development and morphogenesis were also found in GCs [16] suggesting that in long-term culture, GCs could differentiate into pre-cursors for cardiac cells [31] . A different study used mouse embryonic fibroblast (MEF) medium to grow human GCs with the aim to prolong GC in vivo life further and encourage proliferation by including growth factors, cytokines and facilitate cell-cell interaction, and more than 12 months later isolated the GCs [30] . Only 5% of the granulosa passages became an immortalised cell line and stayed continuous after more than 100 passages. Follicle-like structures were formed from some of the other passages from the same GC population, after isolation of the GCs.
Characteristics of Exosomes and Cell Stress
Bi-direction growth of the embryo occurs due to the communication between the cells in the follicular fluid including GCs and oocytes [32] . Gap junctions or exosomes, secreted by GCs mediate this communication [4] . Other eukaryotic cells can secrete these membrane vesicles, and the quality of exosomes is dependent on the state of the releasing cell [33] . A recent study has suggested that other cells in follicular fluid-like oocytes or theca cells may secrete exosomal-like vesicles, but that the majority originated from mural GCs [34] . Furthermore, exosomes carry proteins and MicroRNAs (miRNAs) [5] . With the technique of small RNA sequencing, mural GCs and cumulus cells have been shown to secrete over 50 miRNAs differentially [25] . In folliculogenesis, oogenesis, tumorigenesis and tumour suppression, miRNAs are tightly involved in the transforming growth factor (TGF)-β signalling pathway [35] . The expression profile of miRNAs was also studied in the cumulus GCs of patients suffering from polycystic ovary syndrome (PCOS) [36] . In nearly 60 miRNAs, the expression was different compared to those of the control. In addition, these differential miRNAs were targeting numerous pathways that could be associated with PCOS such as the Notch signalling pathway. GCs also seem to be regulated by miRNAs in pathways such as FSH, hormone-related miR-NAs, and apoptosis-related pathways [37] . In studying miRNAs effects on these pathways, hundreds of genes could be regulated by one miRNA, and a single gene can be affected by more than one miRNA. miR-320 could either stimulate GC steroidogenesis or suppress it [37] . Understanding the role of miRNAs in pathways, therefore, builds knowledge on the processes and creates the potential to modify them. To isolate exosomes, and also learn more about their optimal stability, one study claims exosomes prefer an acidic environment as more exosomal markers, proteins and RNA were found in a lower pH compared to the non-acidic environments [38] .
Cell stress such as heat shock, hypoxia and disease can activate exosomes and cause GCs to secrete them [4] . The methods of uptake include endocytosis, simple fusion, exosomal surface ligands, and the modification outcome will be influenced by the exosome cargo molecule. Exosomes may be employed as a drug delivery vehicle, due to their small size and transport role [39] . One drug that can be carried by exosomes is curcumin [40] which has potential in treating numerous diseases, but it is not water soluble, or readily absorptive. However, curcumin's faults can be rectified by encapsulating the drug into a milk exosome to improve absorption [40] . GC dysfunction, exhibiting low hormone release and a reduction in cell proliferation, can be reversed through exosome delivered curcumin cells [39] . LPS was used to induce inflammation in GC cells, and various studies have confirmed its effectiveness in increasing pro-inflammatory cytokines and disrupting endocrine function. However, curcumin primed exosomes successfully caused GC cells to regain their normal function.
Ovarian Stem Cells and Very Small-Embryonic Like Stem Cells
It was long thought that the number of eggs a mammalian female will make is capped in their pre-natal life and that humans are born with 500-1,000,000 primordial follicles [41] . The supply of oocytes then dwindles in later life, leading to menopause, strongly affecting the hormones produced in the body and fertility. However, the existence of ovarian stem cells (OSCs) were identified by a lab led by Jonathan Tilly in 2004 during a mice study, in which the conserved germ cell marker DEAD box polypeptide 4 (Ddx4) was found in mitotically-active cells of juvenile and adult mice [42] . Mathematically, the possibility of ovarian stem cells that differentiated into oogonia seemed necessary as the number of cells that a female is born with would run out prematurely before normal menstrual age. Hence, new cells must be produced in post-natal life [42] .
Since the discovery of OSCs, there has been scepticism surrounding their adult stem cell label and also criticism of the techniques of identifying them. Antibody-based magnetic-assisted cell sorting (MACS) and then antibody-based fluorescence-activated cell sorting (FACS) using Ddx4 to further study OSCs, was criticised. Ddx4 is a cytoplasmic protein found in oocytes, sperm, and primordial germ cells, and therefore it would not be an appropriate technique to isolate OSCs. On the other hand, it has been later verified that Ddx4 has a different localisation in OSCs, which has it on the cell surface [43] . This still runs the risk of contamination of other cell types, so FACS is a necessary step for purification. Furthermore, OSCs can be very gently scraped from OSE, so Ddx4 remains only a methodical issue rather than evidence used against OSCs existence [10] .
Alongside OSCs are the smaller stem cell population in the ovaries, very small pluripotent stem cells (VSELS). The former expresses OCT-4A, whilst the latter expresses OCT-4B [10] . This change in OCT-4 is due to asymmetric cell division of VSELs, which cause the re-localisation of OCT-4 from the nuclear membrane to the cytoplasm in mesenchymal stem cells [13] . Both populations respond to FSH, the hormone released for folliculogenesis. If the expression of OCT4 is increased, this increases the likelihood of OSCs differentiating into oocyte-like cells [44] . It took so long to discover VSELs partly due to the fact that centrifugation did not include the small cells in the pellets [45] . A future application to isolate VSELS could be using high-speed centrifugation [7] .
The Effects of Aging on Follicular Fluid Cells and Fertility Treatments
Understanding follicular fluid cells such as GCs, has allowed the effects of aging on oocyte quality and overall fertility to be shown, which has prompted studies to overcome the natural loss of fertility, as well as restore fertility for patients with prema-ture ovarian failure (POF) [12, 17, 27, 44, [46] [47] [48] . POF is a condition that describes the loss of function of female fertility before the age of 40. It can occur due to various reasons such as chemotherapy or genetics. The ovaries of these patients function abnormally and lower levels of sex hormones like oestrogen are synthesised. As a consequence, ovulation occurs infrequently. To restore fertility, VSELS still have potential to be used after cancer treatment as they are not eliminated by chemotherapy [7, 49] . They survive toxic insults due to their quiescent ability, however, this characteristic has the downside of making them not divide readily in culture [13] .
Stem cells can be directed to the germ cell lineage [42, 50, 51] . Specifically, flow cytometry employing on germline-specific fluorescent gene markers, isolated VSELS. Inhibitory factors (and therefore their quiescent state characteristic) were overcome in vivo and resulted in spontaneous differentiation of VSELs to oocyte-like structures and male germ cells [51] . This highlights future applications, especially towards replacing eggs derived from aged primordial follicles that have lost quality and are less likely to be fertilised. Another lab studied the effects of aging on stem cells and concluded that older mice had fewer stem cells found in the OSE and that their gene markers for differentiation was different compared to those collected from young mice [52] . A different study looked into the effects of aging in humans [27] . They grouped women up according to their ages and found that follicular mesenchymal stem markers are expressed differently depending on the age of the women, most strikingly when the youngest group was compared to the oldest group. The youngest had cells with a higher expression of genes related to osteogenic and adipogenic differentiation, with the highest expression of FGF2 compared to the three other age groups. The oldest group's stem cells had the least potential of differentiating into osteogenic and adipogenic lineages in vitro, as FGF2 was the most downregulated out of all the control groups and it was the only group that expressed WNT3A. Furthermore, POU5F1 (OCT-4) was only shown to be expressed in the oldest and youngest groups, but not the two middle groups. Thus, gene expression is influenced by the cell environment.
OSCs obtained from older women require GCs for IVF or IVM to be successful [53] . Another study concluded that oocytes grow more in GC-rich follicular fluid, compared to oocytes grown in a GC-poor one [54] . GCs are essential for folliculogenesis and oogenesis, as well as regulating hormone levels, to ensure the maturation of oocytes. Additionally, menopausal age seems to correlate with the supply of GCs decreasing, due to inactivity of OSE differentiating and homeostatic immunological changes [7] .
The environment surrounding the cells can induce normal ovarian activity and it can benefit from transplantation of younger cells [12, 55] . For ex-ample, it has been suggested that the potential of older patients OSCs can be improved to differentiate into both developing oocytes and GCs through transplanting blood mononuclear cells from young, fertile patients [53] . Another treatment method is cell Hormone Therapy (cHT) [12] . The cHT method uses granulosa and theca cells to help create a young, ovarian environment, by trying to replicate ovarian follicles and encourage OSCs to move from an inactive state to developing into a mature egg. It was also discovered that cHT does not synthesise the same levels of hormones as normal specimens. To compensate for the inefficient hormone production, bone marrow-derived mesenchymal stem cells were added as oestrogen production may be encouraged by them resultingin a slight increase of viable cells. In addition, the negative feedback of oestrogen decreased the release of FSH and LH. This type of cHT increased the in vivo cell lifetime to the end of the experiment (at least three weeks more than without the bone marrow stem cell supplement) in rats, which is the equivalent of increasing their productive lifetime to 1%. Additionally, it has been demonstrated that increasing doses of vitamin C could act to combat ovarian aging [55] . Furthermore, the volume of the ovaries increased and there was also a rise in GC numbers [54] .
Conclusions
GCs are a central component of follicular fluid and interact with various cells to ensure the development of the oocyte. Folliculogenesis and oogenesis require the participation of GCs for their hormone secretions and morphological structure. Few studies have examined the characteristics of GCs, as experts have possibly moved their focus on to the more complex interactions of GCs with other cells. Since the discovery that GCs can differentiate further into other cell types, there has been research into stem cell markers and attempts at improving culture. Attempts to improve the culture through 3D methods or MEF medium have been attempted. Further improvements on extending their culture lifespan must be made to examine the GCs differentiation. Interest has also been building on miR-NAs secreted from exosomes and their effects on pathways involving GCs. Using the miRNAs identified in the processes of oogenesis and others, more research on them should be found to understand PCOS and other conditions. In addition, curcumin primed exosomes have been shown to successfully treat GC dysfunction and has great potential as a drug delivery vehicle. Despite GCs stem cell potency, more interest seems to have been given to OSCs and VSELS. The germ-line theory of mammalian females being limited supply to the number primordial follicles they were born with had been put into question at the discovery of OSCs. To ensure the validation of OSCs, various labs have used techniques like MACS, antibody based FACS and even simple scraping the cell from OSE to isolate the cells and study them. OSCs are also believed to be derived from VSELS. OSCs and VSELS are mostly being studied for reproductive clinical uses, but GCs may benefit other tissues found outside the reproductive system. The follicular fluid cells decrease in number and lose quality due to aging. Altering the stem cell environment affects their differentiation, with younger cells having the most potential. Experimental treatment models have been researched to treat fertility problems, such as blood mononuclear cell transplantations, cHT supplemented with bone marrow stem cells and increasing doses of vitamin C. For all these treatments, GCs are involved as they are essential for normal reproductive function. Through these treatments, the decline in quality and number of oocytes caused by menopause and POF can be overcome, highlighting the importance of these clinical methods.
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